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Introduction {#sec004}
============

Peripheral muscle wasting is experienced by approximately one-third of Chronic Obstructive Pulmonary Disease (COPD) patients \[[@pone.0146882.ref001]\]. Loss of muscle mass and function has a profound impact on the quality of life for COPD patients, leading to reduced independence and increased use of healthcare resources \[[@pone.0146882.ref002]\]. Studies investigating the link between mortality and mid-thigh cross sectional area \[[@pone.0146882.ref003]\], fat-free mass \[[@pone.0146882.ref004]\] and quadriceps strength \[[@pone.0146882.ref005]\] have demonstrated muscle wasting to be an independent predictor of mortality for COPD, particularly in patients with low lung function (Forced expiratory volume in 1s, FEV~1~ of \<50%).

Acute exacerbations of COPD (AECOPD), usually caused by viral or bacterial infections, are characterised by a worsening of COPD symptoms including shortness of breath and increased sputum production, often requiring alteration in the medical management of the disease and/or hospitalisation. In addition to pulmonary effects, exacerbations also impact skeletal muscle health and function, further contributing to muscle wasting. Hospitalised patients with AECOPD displayed lower mean quadriceps peak torque at both day 3 and day 8 of hospitalisation compared to stable COPD outpatients or sedentary elderly controls \[[@pone.0146882.ref006]\]. Patients recover muscle strength slowly and only partially, reflecting an inverse correlation between the frequency of exacerbations and both respiratory and limb muscle strength \[[@pone.0146882.ref007], [@pone.0146882.ref008]\]. For example, patients experiencing five AECOPD in the preceding year showed a handgrip strength of only 42.8% of predicted, compared to 89.6% of predicted handgrip strength in COPD patients experiencing no exacerbations \[[@pone.0146882.ref007]\].

During AECOPD systemic inflammation has been shown to dramatically increase, with the production of pro-inflammatory cytokines such as IL-6 and TNFα promoting expression of acute phase proteins that are rapidly generated as part of the inflammatory response. The acute phase protein Serum Amyloid A (SAA) is dramatically upregulated during AECOPD, and has been shown to be a sensitive biomarker for the prediction of exacerbation severity in COPD patients \[[@pone.0146882.ref009]\]. During the acute phase response, plasma levels of SAA can increase 1000-fold, thereby constituting a major circulating acute phase reactant.

In addition to COPD, elevated SAA levels have been measured in other inflammatory conditions, many of which are associated with muscle wasting, including critical illness myopathy \[[@pone.0146882.ref010]\], rheumatoid arthritis \[[@pone.0146882.ref011]\] and lung cancer \[[@pone.0146882.ref012]\]. The major source of circulating SAA is the liver, and there is emerging evidence for accumulation of SAA in peripheral organs in chronic inflammatory diseases including the lungs of COPD patients \[[@pone.0146882.ref013]\] and the synovial fluid of arthritic patients \[[@pone.0146882.ref011]\]. In addition we have shown that in experimental models, cigarette smoke, influenza A virus and bacterial lipopolysaccharide (LPS) increase SAA transcript expression in the lungs \[[@pone.0146882.ref013]\]. SAA expression is also increased in the quadriceps and gastrocnemius muscles of mice with cancer cachexia \[[@pone.0146882.ref014]\].

A number of studies have demonstrated a relationship between systemic inflammation and muscle health, and pro-inflammatory cytokines IL-6 and TNFα are known to induce muscle atrophy in animal models \[[@pone.0146882.ref015], [@pone.0146882.ref016]\]. In COPD patients muscle strength and exercise endurance are inversely related to the levels of systemic inflammatory proteins including C-reactive protein (CRP), IL-6 and CXCL8 \[[@pone.0146882.ref006], [@pone.0146882.ref017]--[@pone.0146882.ref019]\]. Emerging evidence suggests links between SAA levels and muscle atrophy in other disease models. SAA expression is elevated in response to Angiotensin II infusion in mice, and evidence suggests that increased circulating SAA acts in synergy with elevated IL-6 to promote skeletal muscle wasting in this model, implicating SAA in the pathology of skeletal muscle atrophy \[[@pone.0146882.ref020]\].

Despite emerging evidence suggesting effects of elevated SAA on skeletal muscle wasting in disease models, little is known about the direct effects of SAA on skeletal muscle. To address this we sought to determine if SAA could be contributing to changes in muscle function by directly assessing the effects of SAA treatment on *in vitro* cultured C2C12 myotubes.

Materials and Methods {#sec005}
=====================

Cell Culture {#sec006}
------------

Murine myoblast C2C12 cells (American Type Culture Collection via Cryosite, NSW, Australia) were cultured in growth medium (GM) consisting of high glucose DMEM supplemented with 20% foetal bovine serum, and 1% penicillin (100 units/ ml)/streptomycin (100 μg/ ml). To induce differentiation, confluent monolayers of C2C12 cells were cultured in differentiation medium (DM) consisting of DMEM supplemented with 2% horse serum and 1% Penicillin-streptomycin. After 72h in differentiation media C2C12 myotubes were treated with recombinant human SAA (Peprotech, Abacus ALS, Australia) at concentrations ranging from 0.1--10μg/ml for 2-48h. In experiments assessing the inhibition of the SAA response a concentration of SAA was used that stimulated a significant but submaximal response for the outcome being measured. SAA is well conserved across species \[[@pone.0146882.ref021]\]. Acute (2-3h) time points were chosen to investigate early transcriptional effects of SAA, whilst later time points, 24 and 48h, were used to study effects on protein secretion and atrophy responses in the myotubes, respectively.

For Polymyxin B experiments, SAA (3μg/ml) and Polymyxin B (20μg/ml, Invivogen, Life Research, Australia) were incubated in DM for 1 hour at room temperature prior to adding to cells. The fpr2 antagonist WRW4 (Invivogen) was added to cells in DM at 5.5 μg/ml for 20 minutes prior to treatment with SAA at 1μg/ml.

To inhibit TLR2/4 signalling, cells were incubated with the TLR2/4 inhibitor OxPAPC (oxidised 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine, Invivogen, Life Research) at 30--100μg/ml for 30 minutes prior to the addition of SAA. The TLR2 neutralising antibody T2.5 (Invivogen) was incubated with cells at 10 or 20μg/ml for 1 hour prior to the addition of SAA.

Immunohistochemistry {#sec007}
--------------------

Differentiated C2C12 myotubes cultured on 13mm gelatin-coated glass coverslips were fixed in 10% Neutral Buffered Formalin (NBF) for 30 minutes then washed in PBS. Following blocking in PBS containing 5% horse serum and 0.2% Triton X-100 for 15 minutes, coverslips were incubated for 1 hour with Rabbit anti-desmin (Abcam, Australia) at a 1:200 dilution followed by 1 hour with goat FITC anti-rabbit (Abcam). Myotube widths were quantified from microscope images, using a similar method to that reported by others \[[@pone.0146882.ref022]--[@pone.0146882.ref024]\]. Ten images were captured from randomly selected fields of view for each treatment group using a Zeiss Axio Observer Z1 inverted fluorescence microscope. The width of each myotube was calculated as the mean of three width measurements at points at least 50μm apart along the length of the myotube. Myotubes that were overlapping with others or had indistinguishable boundaries were excluded. For each treatment group 220--330 myotubes were measured over three independent experiments.

Quantitative Real-time PCR {#sec008}
--------------------------

Total mRNA was isolated from C2C12 myotube cultures from 24-well plates using the RNEasy Plus kit according to the manufacturer's instructions (Qiagen). RNA was quantified using a Nanodrop 1000 (Nanodrop, Thermofisher Scientific, Australia).Gene expression was measured by qRT-PCR using the Taqman PCR system (Applied Biosystems, Thermofisher Scientific, Australia). Taqman primers and probes were purchased as validated PCR assays for IL-6 (Mm00446190_m1), TNFα (Mm00443258_m1), fpr2 (Mm00484464_s1), TLR2 (Mm00442346_m1), TLR4 (Mm00445273_m1), CD36 (Mm01135198_m1) and Atrogin-1 (Mm 00499518_m1). Expression of mRNA for genes of interest was normalised to 18S rRNA (Taqman Eukaryotic 18S rRNA endogenous control, Applied Biosystems). Quantitative RT-PCR reactions were performed using Taqman Fast Advanced Master Mix using the 7900HT Fast real-time PCR machine (Applied Biosystems). Samples were analysed in triplicate. Gene expression was analysed using relative quantification and the ΔΔCt method \[[@pone.0146882.ref025]\], expression levels were normalised to 18S.

In some experiments, PCR products from triplicate reactions were pooled and analysed by agarose gel electrophoresis using 2% agarose gel. DNA was visualised using SYBR-safe (Thermofisher Scientific) and molecular weight confirmed with a 100bp DNA ladder (New England Biolabs, Genesearch Pty Ltd. Arundel, QLD, Australia). Gels were imaged using a Bio-Rad Gel-doc XR imaging system (Bio-Rad, Gladesville, NSW, Australia).

Measurement of secreted IL-6 by ELISA {#sec009}
-------------------------------------

Secreted IL-6 was measured in cell culture supernatants using the Platinum mouse IL-6 ELISA kit (eBioscience, Jomar Bioscience, South Australia) according to the manufacturer's instructions. TNFα was measured by ELISA with the mouse TNFα Duoset ELISA development kit (R&D Systems, BioScientific Pty. Ltd. Australia).

Statistical Analysis {#sec010}
--------------------

All data presented are the mean ± SEM of three independent experiments (n = 3). Statistical analysis of data was performed using GraphPad Prism 6 (GraphPad Software, California, USA). Experiments with only two groups were analysed using Students t-test. Datasets with multiple groups were analysed by One-way ANOVA, and data from time course experiments with multiple groups were analysed by Two-way ANOVA. A Sidak's multiple comparison *post-hoc* test was used to compare the means between treatment groups where a significant difference in the group means was detected by ANOVA. In all cases, probability values of less than 0.05 (p\<0.05) were considered statistically significant.

Results {#sec011}
=======

SAA causes upregulation of pro-inflammatory cytokine expression in C2C12 myotubes {#sec012}
---------------------------------------------------------------------------------

The effect of SAA treatment on muscle cells was assessed using the mouse C2C12 cell line \[[@pone.0146882.ref026]\], which differentiates into multinucleate myotubes and is well established as an *in vitro* model of skeletal muscle \[[@pone.0146882.ref027]\]. To determine the effect of SAA on pro-inflammatory gene expression in C2C12, differentiated myotubes were treated with 10μg/ml SAA and mRNA was harvested after 3, 6 and 24h of SAA treatment. Gene expression for the pro-inflammatory cytokines IL-6 and TNFα was analysed by qRT-PCR. SAA treatment resulted in a dramatic and significant upregulation in IL-6 mRNA expression after both 3h and 6h of SAA (p\<0.0001 SAA vs. control untreated cells at 3h), returning to baseline at 24h ([Fig 1A](#pone.0146882.g001){ref-type="fig"}). A similar trend was also seen for TNFα, with highest expression at 3h ([Fig 1B](#pone.0146882.g001){ref-type="fig"}, p\<0.0001 SAA vs. control at 3h).

![C2C12 myotubes express pro-inflammatory cytokines IL-6 and TNFα in response to SAA.\
(A) IL-6 and (B) TNFα mRNA expression after 3, 6 and 24h of SAA stimulation (10μg/ml). Solid bars = SAA treated, open bars = control. mRNA level normalised to 18S rRNA levels and expressed relative to control 3h samples, \*\*\*\* p\<0.0001, \*\* p\<0.01 *vs*. control 3h sample. (C) IL-6 and (D) TNFα mRNA expression levels after 3h of stimulation with varying concentrations of SAA from 0.1 to 10 μg/ml. mRNA level normalised to 18S rRNA levels and expressed relative to control untreated samples, \*\*\*\* p\<0.0001 and \* p\< 0.05 vs 0μg/ml SAA. (E) IL-6 protein measured by ELISA in cell culture supernatants after 24h of treatment with SAA at 0--10μg/ml, \*\* p\<0.01 *vs*. control 0 μg/ml SAA. All data shown are mean ± SEM for n = 3 independent experiments.](pone.0146882.g001){#pone.0146882.g001}

Expression of IL-6 and TNFα in response to SAA treatment was also shown to be concentration dependent. Both IL-6 and TNFα mRNA expression were significantly increased at 1, 3 and 10μg/ml, with peak expression seen in myotubes stimulated with 3μg/ml SAA (p\<0.0001, [Fig 1C and 1D](#pone.0146882.g001){ref-type="fig"}).

SAA also induced a concentration dependent increase in secreted IL-6 protein measured by ELISA in cell culture supernatants following 24h of SAA treatment, with peak IL-6 protein detected in cells treated with 3μg/ml SAA (p\<0.01, [Fig 1E](#pone.0146882.g001){ref-type="fig"}). Despite a concentration dependent increase in TNFα mRNA expression, the level of secreted TNFα protein in SAA-treated cell culture supernatants was below the limit of detection for our ELISA assay (31.1pg/ml). Similar observations have also been reported by others in C2C12 myotubes in response to LPS \[[@pone.0146882.ref028]\].

Expression of SAA receptors in C2C12 myotubes {#sec013}
---------------------------------------------

Given the known role of inflammatory cytokines in mediating muscle wasting, and the robust cytokine response we observed following SAA treatment, we sought to determine the receptor responsible for inducing these responses. A number of receptors for SAA have been described, including the formyl peptide receptor FPR2 (mouse nomenclature fpr2) \[[@pone.0146882.ref029]\], the Toll-like receptors TLR2 \[[@pone.0146882.ref030], [@pone.0146882.ref031]\] and TLR4 \[[@pone.0146882.ref032], [@pone.0146882.ref033]\] and the scavenger receptor CD36 \[[@pone.0146882.ref034]\]. We measured the expression of fpr2, TLR2, TLR4 and CD36 in C2C12 myotubes by qRT-PCR, both under basal conditions and in response to 3h of SAA stimulation.

All four receptors were detected by qRT-PCR, and bands were visible by agarose gel electrophoresis ([Fig 2A](#pone.0146882.g002){ref-type="fig"}). CD36 and TLR4 were expressed with similar levels of abundance (raw qRT-PCR Ct values: CD36 25.18 ± 1.13, and TLR4 24.14 ± 1.56, n = 3), followed by TLR2 (Ct 27.52 ± 0.57, n = 3). Fpr2 expression, whilst detectable, was much less abundant than other receptors measured (mean Ct value 35.98 ± 0.54, n = 3).

![C2C12 myotubes express SAA receptors, and TLR2 and fpr2 expression increases following SAA stimulation.\
(A) Agarose gel electrophoresis showing RT-PCR bands from C2C12 myotube RNA samples. RT-PCR data measuring changes in mRNA levels for (B) fpr2, (C) TLR2, (D) TLR4 and (E) CD36 following 3h of treatment with SAA at 3μg/ml. mRNA levels normalised to 18s rRNA and expressed relative to control untreated sample for each receptor. Data shown are mean ± SEM from n = 3 independent experiments. Expression of each receptor was analysed using paired t-test, fpr2 \* p\<0.05), TLR2 \*\* p\<0.01, TLR4 \* p\<0.05.](pone.0146882.g002){#pone.0146882.g002}

Interestingly, expression of TLR2 was shown to dramatically increase in response to SAA treatment of cells (p\<0.001, [Fig 2B](#pone.0146882.g002){ref-type="fig"}). Similarly whilst fpr2 was expressed at low levels under basal conditions, fpr2 mRNA increased significantly after 3h SAA stimulation (p\<0.01, [Fig 2B](#pone.0146882.g002){ref-type="fig"}). A small but significant decrease was observed in TLR4 expression, and no change was observed in CD36 (p = 0.5512) following SAA stimulation.

SAA Receptor blocking studies {#sec014}
-----------------------------

Despite the low expression of fpr2 by qRT-PCR in the C2C12 myotubes others have observed responses to the fpr2 ligand Annexin A1 in these cells \[[@pone.0146882.ref035]\], prompting further investigation into whether SAA could be acting through fpr2 to induce pro-inflammatory cytokine expression. Myotubes were incubated with the fpr2 antagonist WRW4 for 20 minutes prior to treatment with a submaximal concentration of SAA (1μg/ml) for 3 hours. Gene expression analysis revealed significant increases in IL-6 transcription in cells treated with SAA alone and with WRW4 + SAA, however no significant difference in IL-6 expression was seen between cells treated with SAA alone and those treated with WRW4 and SAA ([Fig 3](#pone.0146882.g003){ref-type="fig"}). These data suggest that at the concentration of WRW4 used SAA is acting via one of the alternative receptors and not through fpr2 to induce pro-inflammatory cytokine expression in these cells.

![Treatment with WRW4 did not reduce IL-6 expression in myotubes stimulated with SAA.\
Myotubes were pre-treated for 20 minutes with WRW4 (5.5μg/ml) prior to stimulation with SAA (1 μg/ml) for 3h. IL-6 mRNA levels were normalised to 18s rRNA and expressed relative to control untreated sample. Data shown are mean ± SEM from n = 3 independent experiments, \*\* p\<0.01, \*\*\*\* p\<0.0001 vs. control.](pone.0146882.g003){#pone.0146882.g003}

SAA has been reported to act via TLR2 \[[@pone.0146882.ref030], [@pone.0146882.ref036]\] and TLR4 \[[@pone.0146882.ref032], [@pone.0146882.ref033]\] in various cell types. LPS is a known ligand for TLR4, and trace contamination of recombinant SAA peptide with LPS could be a possible source of the cytokine responses we observed. The SAA peptide is reported to contain less than 0.1ng/μg of LPS, however to further confirm that the effects we observed in C2C12 were not due to LPS contamination, myotubes were treated with SAA pre-incubated with Polymyxin B, which binds LPS and prevents it from signalling via TLR4. There was no significant difference between cells stimulated with SAA in the presence or absence of Polymyxin B (see [S1 Fig](#pone.0146882.s002){ref-type="supplementary-material"}), confirming that the responses observed were due to SAA itself and not due to LPS contamination.

SAA signalling via TLR2 and TLR4 was further investigated by treating the cells with the TLR2/4 inhibitor OxPAPC \[[@pone.0146882.ref037]\] followed by SAA stimulation. A significant reduction in IL-6 mRNA expression was observed in response to SAA stimulation in cells treated with OxPAPC at 50 and 100 μg/ml, compared to SAA alone (p\<0.01, [Fig 4A](#pone.0146882.g004){ref-type="fig"}). No significant difference was observed in cells treated with OxPAPC at 30 μg/ml. These results indicate that SAA is at least in part exerting its effects on pro-inflammatory cytokine expression via TLR2/4 signalling.

![Blocking of TLR2 can prevent the SAA-induced increase in IL-6 transcription in C2C12 myotubes.\
(A) The effect of TLR2/4 inhibition with OxPAPC or (B) TLR2 neutralising antibody on IL-6 mRNA levels in SAA-treated myotubes. mRNA levels normalised to 18s rRNA and expressed relative to control untreated samples. Data shown are mean ± SEM for n = 3 independent experiments, statistical significance expressed vs SAA, ns = not significant, \*\* p\<0.01, \*\*\*\* p\< 0.0001.](pone.0146882.g004){#pone.0146882.g004}

Treatment of myotubes with the neutralising TLR2 antibody at 10 or 20μg/ml for 1 hour prior to the addition of 1μg/ml SAA resulted in abolishment of the IL-6 transcriptional stimulation by SAA (p\<0.0001, [Fig 4B](#pone.0146882.g004){ref-type="fig"}). This confirms that in C2C12 myotubes SAA is primarily acting via TLR2 to stimulate robust pro-inflammatory cytokine expression.

SAA causes reduced myotube width in C2C12 {#sec015}
-----------------------------------------

We next investigated the effect of SAA treatment on myotube atrophy. Differentiated C2C12 myotubes were treated with SAA at 0.1, 1 and 10μg/ml for 48h, fixed and immunolabelled for the myogenic marker desmin ([Fig 5A](#pone.0146882.g005){ref-type="fig"}). SAA caused a small but significant reduction in myotube width at both 0.1μg/ml and 1μg/ml ([Fig 5B](#pone.0146882.g005){ref-type="fig"} p\<0.05) compared to control untreated myotubes, equating to an approximately 10--13% reduction in myotube width in SAA treated cells.

![SAA causes reduction in myotube widths that can be reversed by blocking TLR2.\
(A) Control (left panel) and SAA 1μg/ml (right panel) C2C12 myotubes treated with SAA for 48h, immunolabelled with anti-desmin antibody (green). Scale bar = 100μm. (B) Quantification of myotube widths from immunofluorescence images. (C) Myotube widths in C2C12 myotubes treated with TLR2 neutralising antibody prior to SAA stimulation for 48h. Data shown are mean ± SEM for n = 3 independent experiments, statistical significance shown relative to control myotubes (0μg/ml SAA), \* p\<0.05.](pone.0146882.g005){#pone.0146882.g005}

To determine if SAA-induced atrophy could be mediated via TLR2, myotubes were incubated with the TLR2 neutralising antibody (10μg/ml) for 1 hour prior to stimulation with SAA at 0.1 and 1μg/ml for 48h. Myotube width was quantified as previously described. In contrast to myotubes treated with SAA alone, myotubes treated with SAA in the presence of the TLR2 antibody did not show significant levels of atrophy ([Fig 5C](#pone.0146882.g005){ref-type="fig"}). Blocking of TLR2 prevented the SAA-induced atrophy in C2C12 myotubes, indicating that SAA is likely acting via TLR2 to induce an atrophy response in these cells.

Upregulation of the atrophy gene Atrogin-1 in C2C12 myotubes in response to SAA treatment {#sec016}
-----------------------------------------------------------------------------------------

Quantitative RT-PCR analysis of myotubes following SAA treatment revealed a significant increase in the expression of the muscle-specific E3 ligase Atrogin-1 after 2h of SAA stimulation at 10 μg/ml ([Fig 6A](#pone.0146882.g006){ref-type="fig"}, p\<0.0001). Pre-treatment of myotubes with 10 μg/ml of TLR2 antibody prior to stimulation with a submaximal concentration of SAA (3μg/ml) effectively inhibited SAA-induced Atrogin-1 expression at 2h ([Fig 6B](#pone.0146882.g006){ref-type="fig"}), indicating that Atrogin-1 expression in response to SAA is mediated via TLR2.

![SAA induces Atrogin-1 mRNA expression in C2C12 myotubes that can be inhibited by blocking TLR2.\
(A) Atrogin-1 expression at 2h in the presence of varying concentrations of SAA. (B) Myotubes were pre-treated with TLR2 antibody (10μg/ml) for 1 hour prior to stimulation with SAA at 3μg/ml for 2h. Atrogin-1 mRNA was normalised to 18s rRNA and expressed relative to control. All data shown are mean ± SEM from n = 3 independent experiments, statistical significance shown relative to control unless otherwise indicated, \*\*\*\* p\<0.0001, \*\* p\<0.01.](pone.0146882.g006){#pone.0146882.g006}

Discussion {#sec017}
==========

In this study we sought to determine the effects of SAA on skeletal muscle myotubes using the C2C12 muscle cell line that is a widely used as an *in vitro* model of skeletal muscle \[[@pone.0146882.ref028], [@pone.0146882.ref038], [@pone.0146882.ref039]\].

Expression of genes for pro-inflammatory cytokines IL-6 and TNFα revealed a marked and robust dose-dependent increase in C2C12 myotubes after only 3h of SAA stimulation. Initial reports focused on the effects of SAA in immune cells such as neutrophils and macrophages \[[@pone.0146882.ref032], [@pone.0146882.ref040]\]. However recent studies have reported stimulation of IL-6 expression by SAA in other cell types including synoviocytes \[[@pone.0146882.ref041]\], dermal fibroblasts \[[@pone.0146882.ref031]\], and endothelial cells \[[@pone.0146882.ref042]\]. The level of secreted IL-6 protein from SAA-stimulated myotubes is comparable to that reported by others in response to LPS or Pam3CSK4, a TLR2 agonist \[[@pone.0146882.ref028]\]. These results indicate that C2C12 are capable of mounting a robust pro-inflammatory response following SAA treatment. This is a novel finding that has implications for many pathological conditions that exhibit high circulating SAA levels where skeletal muscle could potentially be a significant contributor towards the pro-inflammatory state.

SAA has been reported to bind a number of receptors including fpr2, TLR2, TLR4 and the scavenger receptor CD36 \[[@pone.0146882.ref029]--[@pone.0146882.ref034]\]. In control myotubes TLR2, TLR4 and CD36 were abundantly expressed, whilst fpr2 was detected at a much lower abundance. Expression of TLR2 mRNA was dramatically increased by approximately 30-fold following SAA stimulation. This is consistent with other studies showing that expression of TLR2 is upregulated in cells stimulated with the TLR4 ligand LPS or the TLR2 ligand Pam3CSK4 \[[@pone.0146882.ref043]\], a response proposed to be mediated by NFκB signalling.

Levels of fpr2 mRNA also increased by approximately 5-fold following SAA stimulation. Expression of human FPR2/ALX is known to be regulated by both LPS (via TLR4) and IFN-γ \[[@pone.0146882.ref044]\]. In addition, mouse fpr2 expression is upregulated in response to TLR2 signalling in microglia \[[@pone.0146882.ref045]\]; it is therefore likely that fpr2 expression is being regulated by SAA via TLR signalling through a similar mechanism in C2C12 myotubes. The upregulation of fpr2 and TLR2 following SAA stimulation could represent a priming mechanism within the muscle environment to allow for further stimulation by other inflammatory mediators, so potentiating the inflammatory response.

Treatment of cells with the fpr2 antagonist WRW4 \[[@pone.0146882.ref046]\] did not decrease the IL-6 transcriptional response of the myotubes to SAA stimulation, indicating that SAA is unlikely to be acting through fpr2 to stimulate IL-6 expression in these cells. However fpr2 is a complex receptor with numerous downstream signalling pathways \[[@pone.0146882.ref047]\], and it is possible that SAA is acting through fpr2 in C2C12 to stimulate other cellular responses not measured here.

The SAA induced IL-6 transcription response was reduced in a concentration dependent manner by the TLR2/4 inhibitor OxPAPC, and abolished by treatment with a neutralising TLR2 antibody. These findings indicate that in C2C12 myotubes SAA is primarily acting via TLR2 to initiate pro-inflammatory transcriptional responses. TLR2 has also been reported as a receptor for SAA in dermal fibroblasts \[[@pone.0146882.ref031]\], macrophages \[[@pone.0146882.ref030], [@pone.0146882.ref036]\], and coronary artery endothelial cells \[[@pone.0146882.ref042]\]. TLR2 is important in the recognition of pathogen or tissue-damage derived molecules as part of the innate immune response, and binds a variety of endogenous molecules called Damage Associated Molecular Patterns (DAMPs) released during infection, inflammation or as a result of tissue damage \[[@pone.0146882.ref048]\]. SAA is proposed to act as a DAMP and to signal through TLR2 to stimulate or promote the innate immune response. Our finding that SAA stimulates pro-inflammatory cytokine production in skeletal muscle myotubes via TLR2 further emphasises the role of SAA as a DAMP in the immune response, and highlights the often underestimated contribution of skeletal muscle to innate immunity and chronic inflammation.

Myotube width was significantly reduced in myotubes treated with SAA, with the most pronounced effect in myotubes treated with 1μg/ml SAA where a 13% decrease in myotube width was observed. This result contrasts with that reported by Zhang *et al*., who did not observe atrophy in L6 rat myotubes in response to SAA stimulation alone \[[@pone.0146882.ref020]\]. This is likely due to methodological differences including cell type and SAA treatment duration; we treated myotubes for 48h for microscopy analysis of myotube widths, compared to only 16h used by Zhang *et al*., which may not have been long enough for significant atrophy changes to occur. The SAA-induced atrophy response was inhibited by treatment with the TLR2 antibody, indicating that the myotube atrophy in response to SAA was mediated through TLR2.

One pathway that regulates muscle atrophy is the Ubiquitin proteasome pathway, and a number of muscle-specific E3-ubiquitin ligases mediate protein degradation in skeletal muscle through this pathway \[[@pone.0146882.ref049]\]. The E3 ligase Atrogin-1 was significantly increased in myotubes after SAA stimulation and this was inhibited by treatment with the TLR2 antibody, confirming that SAA regulates the expression of Atrogin-1 via TLR2. However, although we saw reductions in myotube widths in cells treated with 0.1 and 1μg/ml, Atrogin-1 expression was not significantly increased at these concentrations, suggesting the involvement of other mechanisms in the atrophy response observed in the myotubes. Others \[[@pone.0146882.ref050]\] have shown that insulin-like Growth Factor 1 (IGF-1) can inhibit Atrogin-1 expression in response to TNFα in C2C12 myotubes without reducing myotube atrophy, indicating that atrophy can occur through alternative pathways even if increases in Atrogin-1 are prevented.

Maintenance of muscle mass is achieved through the coordinated regulation of protein synthesis and protein breakdown through various interlinked molecular signalling pathways, many of which can be activated by multiple upstream receptors. Both TLR2 and fpr2 can signal via a number of downstream pathways to influence cellular processes and gene expression, including c-Jun N-terminal Kinase (JNK), p38 Mitogen Activated Kinase (p38 MAPK) and NFκB \[[@pone.0146882.ref047], [@pone.0146882.ref051]\]. Whilst inhibition of TLR2 is sufficient to reduce SAA-stimulated Atrogin-1 expression to baseline levels, SAA could also be acting in parallel through fpr2 to lead to atrophy through alternative signalling pathways.

Pro-inflammatory cytokines such as IL-6 can induce muscle atrophy *in vivo* \[[@pone.0146882.ref020], [@pone.0146882.ref052]\], although the effects of IL-6 are somewhat controversial and appear to be concentration and context dependent \[[@pone.0146882.ref053]\]. Although peak expression levels of both TNFα and IL-6 were stimulated by 3μg/ml SAA, expression was elevated above baseline with lower concentrations of SAA and this may have contributed to the myotube atrophy observed at these concentrations. Whilst the data presented here show a TLR2-dependent upregulation of one aspect of the ubiquitin-proteasome pathway in response to SAA, it is likely that multiple signalling pathways and mechanisms are responsible for the atrophy observed and further investigation is warranted to fully determine the relative contribution of these mechanisms to the overall atrophy response.

In this study we have shown for the first time that skeletal muscle myotubes mount a robust inflammatory response to SAA stimulation and that SAA stimulates an atrophy response in C2C12 myotubes. Skeletal muscle makes up approximately 40% of body mass, therefore SAA-induced muscle cytokine production could contribute significantly to the elevated pro-inflammatory cytokine levels seen in AECOPD patients. The myotube atrophy in response to SAA treatment is important not only in AECOPD patients, but also in a range of other diseases where circulating SAA levels are elevated and muscle wasting is seen including cancer cachexia, rheumatoid arthritis and critical illness myopathy. Both cytokine transcriptional responses and atrophy responses were mediated through SAA interacting with TLR2, as blocking TLR2 inhibited these effects. Therapeutic intervention targeted at the TLR2 pathways could be beneficial for the prevention of SAA-induced muscle atrophy and inflammatory responses in a range of inflammatory conditions.
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